Bench-scale experiments using iron modified and unmodified photocatalysts (Fe/TiO 2 and TiO 2 ) were conducted to compare their decomposition efficiencies with formaldehyde. The effects of operating parameters on the decomposition efficiency were further investigated. The grain size of iron doped photocatalysts ranged from 25 to 60 nm. The iron doped content of 1, 3, and 5% Fe/TiO 2 photocatalysts was measured as 1.2, 3.1, and 4.7%, respectively. The UV-visible analytical results showed that a significant red shift was observed while the iron doping content of Fe/TiO 2 increased from 0 to 5%. Two continuous-flow reaction systems, the ozonolytic and the photocatalytic reactors, were combined in series to investigate their capability to decompose formaldehyde by Fe/TiO 2 photocatalysts with six operating parameters, namely, the influent formaldehyde concentrations (0.15, 0.30, and 0.45 ppm), the relative humidity (5, 35, and 55%), irradiation by light (visible, near-UV, and UV), the reaction temperatures (25, 30, and 35°C), the iron doping content (1, 3, and 5% Fe/TiO 2 ), and the injected-ozone concentrations (2,000 and 3,000 ppb). The optimal operating parameters obtained in this study were an influent formaldehyde concentration of 0.15 ppm, a relative humidity of 5%, irradiation by UV light, a reaction temperature of 35°C, an iron doping content of 5% Fe/TiO 2 , and an injected-ozone concentration of 3,000 ppb. Overall, the efficiencies of different decomposition techniques for formaldehyde followed the sequence: UV/TiO 2 + O 3 > O 3 + UV/TiO 2 > UV/O 3 ≈ O 3 . A maximum formaldehyde decomposition efficiency of 92% was obtained by using the UV/TiO 2 + O 3 technology.
INTRODUCTION
In recent years, people spend more than 80% of their time in indoor environments, and even higher than 90% in urban areas (Zeliger, 2011) . Numerous studies have been conducted to characterize the poor indoor air quality in the office and residential environments causing sick building syndrome (SBS), sick house syndrome (SHS), and multiple chemical sensitivity (MCS) (Jones, 1999) . Among the indoor air pollutants, formaldehyde is a carcinogenic VOC causing severe adverse effects on human health (Jones, 1999; Chin et al., 2006; Zeliger, 2011; Kwon et al., 2015) . Indoor Air Quality Management Act of Taiwan has been promulgated on November 23, 2011, and formally implemented on November 23, 2012, which make Taiwan as the second country in the world promoting the indoor air quality management legislation after South Korea. A total of nine air pollutants including carbon dioxide (CO 2 ), carbon monoxide (CO), formaldehyde (HCHO), total volatile organic compounds (TVOCs), PM 2.5 , PM 10 , ozone (O 3 ), fungi, and bacteria are regulated.
Among the indoor air pollutants, volatile organic compounds (VOCs) are commonly observed in indoor environments. Formaldehyde as a typical carcinogenic VOC could potentially cause cancer and is harmful to human health when uptake into human bodies via inhalation and skin contact. Therefore, removing formaldehyde from indoor air is an essential measure for improving indoor air quality and protecting human beings (Charuwan et al., 2012; Delphine et al., 2014; Ho et al., 2015) . Regarding a large number of indoor VOC sources such as building materials, furniture and decoration, burning of petroleum products, cigarette smoking, electrical appliances, usage of cleaning products and household chemicals, formaldehyde is found to be present at higher concentrations in indoor air than outdoors (Chai and Pawliszyn, 1995) . Primary sources of formaldehyde are building and decorating materials such as particleboard, plywood, resins, adhesives, and carpeting (Hines et al., 1993; Hong et al., 2017) . It is also commonly applied for the manufacture of urea formaldehyde foam insulation (UFFI) which is injected into wall cavities to supplement the insulation in the existing buildings.
There are three major pathways for formaldehyde entering human body, including skin contact, ingestion, and inhalation. Exposure at low formaldehyde concentrations may cause sneezing, burning sensation in eyes, and upper respiratory allergy, while exposure at high formaldehyde concentrations can cause severe respiratory irritation aggravated including bronchitis, pneumonia, laryngitis, headaches, dizziness, breathing difficulties, pulmonary edema, cough, difficulty swallowing, and even death. Direct exposure at high concentrations of formaldehyde vapor or solution could cause skin whitening; hard, roughened skin; and even coagulation necrosis. Long-term exposure at low concentrations of formaldehyde vapor would cause skin inflammation, allergies, nails break, and ulcers. Direct intake can cause mouth, throat, esophagus and gastrointestinal mucosal surfaces irritation and aggravated pain, and kidney damage, which will affect the central nervous system, causing the symptoms of alcoholism, dizziness, depression, coma symptoms, and even death (Romaguera et al., 1981) .
Titanium dioxide (TiO 2 ) has been widely used as a promising photocatalyst for the elimination of environmental pollutants and is a harmless white powder, which has been proved to be very active in the photo-oxidation of various organic compounds (Alberici et al., 2001) . By irradiating suitable lights with wavelengths below 400 nm, TiO 2 photocatalyst tends to absorb photons and promote photocatalytic redox reactions on its surface (Sano et al., 2000) . Semiconductor photocatalysis with a primary focus on TiO 2 as a durable photocatalyst has been applied to a variety of environmental problems of interest such as water and air purification (Hoffmann et al., 1995) . TiO 2 has been considered as the most promising photocatalyst owing to its photocatalytic reactivity, long-term stability, non-toxic characteristics, and low cost. However, it can only utilize about 4% of solar spectrum in the UV region due to its wide band gap (i.e., 3.20 eV for anatase and 3.00 eV for rutile) (Tao et al., 2015; Xiong et al., 2015) .
Increasing interest in semiconductor mediated photocatalysis continues to grow due to the versatile possibility in the utilization of semiconductor photon produced efficient redox equivalents, h + and e -, for various potential chemical reactions. The role of surface modification of various semiconductor materials (e.g., TiO 2 , CdS, ZnS, and ZnO) has been investigated for the enhancement of photocatalytic efficiency (Dhananjeyan et al., 1997) . Tang et al. (2014) reported that much efforts have been spent in developing single-phase mixed metal oxides which have photocatalytic reactivity in the visible-light wavelength region, such as Bi 2 WO 6 , BiVO 4 , and AgAlO 2 (Yun et al., 2010; Gao et al., 2011; Xu et al., 2012) .
Ozone is an allotrope of oxygen, which is a colorless and non-toxic gas, because ozone has one more oxygen atom compared to oxygen, and therefore has very lively characteristics, also known as reactive oxygen species. Ozone has been commonly used as the strongest natural bactericide. Its bactericidal power is approximately 3,000 times of chlorine and its oxidation capacity is about 600 times of chlorine, which make ozone rank the second to fluorine. Additionally, ozone has strong oxidizing ability when faced with bacteria, mold, toxic chemicals, and smelly taste, which can produce oxidation reactions immediately and play for deodorant, sterilization, and air purification. Ozone could easily dissolve in carbon tetrachloride or fluorocarbons but slightly dissolve in water and thus it is unstable and prone to oxygen reduction reaction.
Although both ozonolytic and photocatalytic oxidation have been widely used to decompose VOCs separately, the combination of ozonolytic and photocatalytic oxidation has not been applied for the removal of VOCs, particularly for formaldehyde. Accordingly, this study aims to develop an innovative advanced oxidation technology (AOT) by combining photocatalytic oxidation with ozonolysis to effectively decompose indoor formaldehyde and investigate the effects of various operating parameters on the decomposition efficiency of formaldehyde.
EXPERIMENTAL METHODS

Photocatalytic and Ozonolytic Oxidation System
The set-up of a continuous-flow reaction system consisting of a photocatalytic reactor and an ozone reactor is illustrated in Fig. 1 . Formaldehyde of fixed concentration was generated by heating a formaldehyde permeation tube at 50°C, properly mixed with nitrogen gas in a mixing chamber, and then entered into a continuous-flow photocatalytic reactor for decomposing formaldehyde. A 15-watt lamp (UV, near-UV, or visible lights) wrapped with fiberglass coated by iron-doped TiO 2 (Fe/TiO 2 ) photocatalyst was situated inside the photocatalytic reactor. The ozone reactor made of pyrex glass was used to oxidize formaldehyde with the injected ozone produced by an ozone generator. An on-line formaldehyde monitor based on the principle of electrochemistry was then applied to continuously monitor the formaldehyde concentration in the effluent gas.
Preparation of Fe/TiO 2
A commercial titanium dioxide (TiO 2 ), Degussa P-25, photocatalyst used in this study has been widely applied for air pollution control, wastewater treatment, water purification, and antibacterial. It was originally mixed with iron oxide to produce modified photocatalysts (Fe/TiO 2 ) and then coated on a supporting medium fiberglass. Prior to coating, the fiberglass was temporarily dried in an oven at 105°C for 2 hours to expel impurities from the fiberglass, which was then coated with Fe/TiO 2 photocatalyst by mixing 0.01 g of Degussa P-25 TiO 2 powder with 100 mL of distilled water, and doped by 0.027 g iron Fe 2+ (II) to form a solution of 1, 3, and 5% Fe/TiO 2 . The fiberglass was then impregnated in the Fe/TiO 2 solution for 30 sec and dried in the oven at 105°C for 2 hours.
Characterization of Fe/TiO 2
In this study, the surface characteristics of TiO 2 (Degussa P-25) and iron-doped TiO 2 (Fe/TiO 2 ) photocatalysts coated on the surface of fiberglass was further analyzed by a scanning electron microscope with an energy dispersive spectrometer (SEM/EDS, Model 6300) to observe the morphology of the fiberglass surface, measure the particle and grain size of the photocatalysts, and further analyze the elemental composition of Fe/TiO 2 photocatalysts. The optical absorption spectra of the photocatalysts were measured in the wavelength range of 200-800 nm by using an UV-Vis spectrophotometer (Jasco, V670). Free radicals were determined with an unpaired electron paramagnetic substance or an electron paramagnetic resonance (EPR) spectroscopy (BRUKER ELEXSYS, series E-580).
Formaldehyde Decomposition Experiments
This study combined photocatalytic degradation with ozone oxidation technology to decompose formaldehyde and further investigated the decomposition efficiency of formaldehyde with operating parameters. A continuousflow reaction system was self-designed and installed to conduct the formaldehyde decomposition experiments. The reaction system consisted of a formaldehyde generation unit, a photocatalytic degradation unit, and an ozone oxidation unit. Fig. 1 depicts the set-up of the continuousflow reaction system combining the photocatalytic and ozonolytic techniques (UV/TiO 2 + O 3 ).
The experimental parameters investigated in this study included the influent formaldehyde concentration (0.15, 0.30, and 0.45 ppm), the relative humidity (5, 35, and 55%), the reaction temperature (25, 30, and 35°C), the wavelength of light irradiation (visible light, near-ultraviolet light, and ultraviolet light), the iron doping content (1, 3, and 5%), and the injection ozone concentration (2,000 and 3,000 ppb). This study further explored the optimal decomposition efficiency of formaldehyde by combining photocatalytic degradation and ozone oxidation techniques in different sequence.
RESULTS AND DISCUSSION
Physical and Chemical Characteristics of Fe/TiO 2 Photocatalysts
In this study, the iron modified Fe/TiO 2 photocatalysts were initially prepared by the impregnation method. The crystal structure, surface morphology, particle and grain size, and elemental abundance of the modified Fe/TiO 2 photocatalysts were further examined by SEM/EDS. Fig. 2 illustrates the SEM images of TiO 2 and Fe/TiO 2 photocatalysts coated on the surface of the fiberglasses. The grain size of TiO 2 , 1% Fe/TiO 2 , 3% Fe/TiO 2 , and 5% Fe/TiO 2 photocatalysts were 25, 42, 50, and 60 nm, respectively. It showed that the grain size increased with the mass percentage of iron impregnated with TiO 2 . For the EDS analysis of Fe/TiO 2 photocatalysts (see Fig. 3 ), the iron contents were measured as 1.2, 3.1, and 4.7% for the modified photocatalyst doping with 1, 3, and 5% Fe/TiO 2 photocatalysts, respectively, which concurred quite well with each other.
The absorption spectra of iron-doped TiO 2 (Fe/TiO 2 ) coated on the surface of fiberglass were further analyzed by UV-Vis spectrophotometer. The results showed that Fe/TiO 2 had significantly photocatalytic effect on the absorbance of lights with different wavelengths. Fig. 4 shows a significant red shift of iron-doped TiO 2 compared to the commercial Degussa P-25. With the increase of iron doping percentages from 1% to 5% Fe/TiO 2 , the absorbance of the UV to near-UV region (230-400 nm) increased approximately 0.9 absorbance, while that of the visible region (400-750 nm) increased about 0.8 absorbance. The results showed that the Fe/TiO 2 photocatalysts irradiated by the near-UV region (300-400 nm) had better absorbance, but doping with iron could significantly enhance its absorbance of visible region. Owing to the formation of hydroxyl radicals (•OH), electron paramagnetic resonance (EPR) spectroscopy showed that the peak-valley difference increased the amount of •OH to highly enhance the decomposition efficiency of formaldehyde. However, the radicals of Ti 4+ tended to reduce with illumination time as the signal strength decreased gradually. As shown in Fig. 5 , the spectral height in the electron paramagnetic resonance (EPR) spectroscopy increased significantly with the modified TiO 2 photocatalysts doped with different iron contents, indicating the increase of formaldehyde decomposition efficiency with the irondoped content of Fe/TiO 2 as shown by UV-Vis light absorption signal .
Effects of Influent Formaldehyde Concentration
This study investigated the influences of influent formaldehyde concentration on the decomposition efficiency of formaldehyde. The formaldehyde decomposition experiments were conducted under the following experimental condition: the influent formaldehyde concentrations of 0.15, 0.30, and 0.45 ppm; the reaction temperature of 25°C; the gas pressure of 1.0 atm; the duration of 60 min; the relative humidity of 5%, the 1% Fe/TiO 2 coated fiberglass; and the irradiation of UV light (λ = 254 nm).
The adsorption of formaldehyde on the inner wall of the two reactors without UV and O 3 has been conducted as a pre-experiment. The operating parameters for the formaldehyde adsorption experiments were set as follows: the inlet formaldehyde concentration of 0.3 ppm, the reaction temperature of 25 ± 2°C, the gas pressure of 1.0 atm, and the reaction time of 120 min. The formaldehyde concentration was detected at the intervals of 5 min. The results of formaldehyde adsorption are shown in Fig. 6 . There was no decrease of the formaldehyde concentration during the adsorption process, indicating that formaldehyde was hardly to be removed solely by adsorption process.
The simulated indoor formaldehyde of fixed concentration was generated by heating a formaldehyde permeation tube at 50°C, properly mixed with nitrogen gas in a mixing chamber. The stability of the influent formaldehyde concentration was carefully checked in a pre-experiment. The results of the stability experiments for different influent formaldehyde were illustrated in Fig. 7 . It showed that the influent formaldehyde concentration were stable after 5 min. All formaldehyde decomposition experiments would not be conducted until stable influent formaldehyde concentrations were reached. In order to obtain stable influent formaldehyde concentration, the operation parameters including the heating temperature of the permeation tube, and the flow rate of the purged nitrogen gas used to carry the formaldehyde into the reaction system were strictly controlled.
As illustrated in Fig. 8 , the decomposition efficiencies of formaldehyde were 60, 52, and 40% when the influent formaldehyde concentrations were 0.15, 0.30, and 0.45 ppm, respectively. The results indicated that the decomposition efficiency of formaldehyde decreased as the influent formaldehyde concentration increased. The reduction of formaldehyde decomposition efficiency was probably attributed to the fact that formaldehyde molecules can diffuse faster to the surface of Fe/TiO 2 due to high concentration gradient of formaldehyde, however they cannot be decomposed as fast as expected at the active sites on the surface of Fe/TiO 2 due to the limitation of the amount of active sites. The results highly concurred with previous studies (Charuwan et al., 2012; Darvishi Cheshmeh Soltani et al., 2015) , showing that the decomposition 
Effects of Relative Humidity (RH)
The relative humidities selected for this study were in the range of 20-60% since the conditioned indoor relative humidities were about 30-60%. As shown in Fig. 9 , during the photocatalytic reaction process, H 2 O molecule was served as an electron hole capture agent that reacted with the captured photo-generated holes and formed hydroxyl radicals (•OH). Hydroxyl radicals can effectively degrade formaldehyde on the surface of Fe/TiO 2 photocatalysts, which has a strong oxidation capability, and thus enhanced the photocatalytic reaction rate in the presence of H 2 O molecules. Formation of hydroxyl radicals is much crucial for the photocatalytic degradation of formaldehyde (Qi et al., 2007; Yu et al., 2014) .
The experiments were conducted under the following experimental condition: the irradiation of UV light (λ = 254 nm); the relative humidities of 5, 35, and 55%; the influent formaldehyde concentration of 0.30 ppm; the reaction pressure of 1.0 atm; and the reaction temperature of 25°C. Experimental results indicated that the decomposition efficiencies of formaldehyde were 40, 34, and 20% when the relative humidities were 5, 35, and 55%, respectively. It showed that the decomposition efficiency of formaldehyde decreased as the relative humidity increased. When the concentration of water vapor increased, more water molecules could compete with formaldehyde molecules and were adsorbed on the surface of Fe/TiO 2 photocatalysts, which hindered the degradation of formaldehyde and thus reduced its photocatalytic reaction rate. The highest formaldehyde decomposition efficiency went up to 40% at the relative humidity of 5%.
Effects of Reaction Temperature
In the experiments, we also investigated the effect of reaction temperature on the photocatalytic decomposition of formaldehyde under the following experimental condition: the influent formaldehyde concentration of 0.30 ppm; the reaction temperatures of 25, 45, and 65°C; the reaction time of 60 min; and the irradiation of UV light (λ = 254 nm).
As depicted in Fig. 10 , when the reaction temperatures were 25, 30, and 35°C, the decomposition efficiencies of formaldehyde were 40, 47, and 52%, respectively. Experimental results showed that the decomposition efficiency of formaldehyde increased as the reaction temperature increased, which followed the Arrhenius Law and concurred with previous studies Tao et al., 2015) . The reaction rate constant (k) estimated from the pseudo-first-order reaction model were 0.0167, 0.0186, and 0.0222 sec -1 , respectively, indicating that the reaction rate constant is proportional to the reaction temperature. Therefore, the optimal reaction temperature was 35°C obtained from the experimental results.
Effects of Incident Light Wavelength
This study further explored the photocatalytic degradation of formaldehyde under the irradiation of incident lights with different wavelengths. The experiments were conducted under the following experimental condition: the influent formaldehyde centration of 0.30 ppm, the incident light wavelengths of visible (370 < λ < 750 nm), near-UV (λ = 365 nm), and UV (λ = 254 nm), the reaction temperature of 25°C, the reaction pressure of 1 atm, and the relative humidity of 5%. As illustrated in Fig. 11 , the decomposition efficiencies of formaldehyde were 20, 40, and 52%, respectively, under the irradiation of visible, near-UV, and UV lights. The results showed that the longer the wavelength of incident lights, the lower the decomposition efficiency of formaldehyde. The related photocatalytic reactions of formaldehyde decomposition are shown below : 
CHO• + OH• → H 2 O + CO (10)
The reaction rate constant (k) estimated from the pseudofirst-order reaction model was 0.0104 ± 0.005 sec -1 , which was mainly due to large energy gap (3.2 eV) of TiO 2 . The corresponding wavelength of light was ultraviolet (Akhavan et al., 2009) , showing that the UV light was the optimal light source to effectively decompose formaldehyde.
Effects of Iron-Doped Content of Fe/TiO 2
The present study was also designated to investigate the influences of iron-doped content of modified photocatalyst (Fe/TiO 2 ) on the decomposition efficiency of formaldehyde. The modified photocatalysts (Fe/TiO 2 ) used in the experiments were the commercial TiO 2 modified by doping irons with the mass ratios of 1, 3, and 5%. Fig. 12 showed that, under the irradiation of UV light for 60 min, the decomposition efficiencies of formaldehyde were 24, 29, 36, and 45% by using TiO 2 and 1, 3, and 5% Fe/TiO 2 , respectively. The highest formaldehyde decomposition efficiency of 45% was obtained by using 5% Fe/TiO 2 . The modified photocatalyst doped with iron ions under the ultraviolet radiation can effectively enhance the decomposition efficiency of formaldehyde. The enhancement of formaldehyde decomposition by iron-doped TiO 2 (Fe/TiO 2 ) may be attributed to the following facts that the doped iron ions could effectively enhance the absorption of UV-visible wavelength, increased the photocatalytic reactivity, and retarded the recombination of electron and electron-hole pair, which thus contributed to the increase of formaldehyde decomposition efficiency.
Effects of Injection Ozone Concentration
This study further investigated how the injection ozone concentration influenced the decomposition efficiency of formaldehyde. The ozone concentrations injected into the photocatalytic reactor were either 2,000 or 3,000 ppb. The experiments were conducted under following experimental condition: the influent formaldehyde concentration of 0.45 ppm, the reaction temperature of 25°C, the relative humidity of 5%, the reaction pressure of 1.0 atm, and the incident of ultraviolet light (λ = 254 nm).
As shown in Fig. 13 , the decomposition efficiencies of formaldehyde were 38 and 56% when the injection ozone concentrations were 2,000 and 3,000 ppb, respectively. It showed that the decomposition efficiency of formaldehyde increased with the influent ozone concentration. It was mainly attributed to higher reaction rate of formaldehyde decomposition with higher concentration of ozone, which thus accelerated the degradation of formaldehyde.
Photocatalytic Oxidation Combining Ozonation Oxidation (UV/O 3 ) for the Decomposition of Formaldehyde
This study further investigated the overall decomposition efficiency of formaldehyde by combining photocatalytic degradation and ozone oxidation in series (i.e., O 3 + UV/TiO 2 and UV/TiO 2 + O 3 ). The experiments were conducted under the following condition: the influent formaldehyde concentration of 0.45 ppm, the reaction temperature of 25°C, the relative humidity of 5%, the reaction pressure of 1.0 atm, the irradiation of ultraviolet light, and the injection ozone concentration of 3,000 ppb. Fig. 13 illustrates that the decomposition efficiency of formaldehyde by ozone injection under the irradiation of UV light (λ = 254 nm) were 56%. It showed that the decomposition efficiencies of formaldehyde by ozone injection with and without the irradiation of UV light were exactly the same, indicating that UV light irradiation would not assist in the removal of formaldehyde in the combining Reaction Time (min) photocatalytic and ozonolytic reaction system. Thus, the decomposition of formaldehyde reacted with ozone can be described as follows (Esswein et al., 1994) :
Decomposition of Formaldehyde by Combining O 3 and UV/TiO 2 (O 3 + UV/TiO 2 )
In this section, the experiments were conducted under the following experimental condition: the influent formaldehyde concentration of 0.45 ppm, the modified photocatalyst of 5% Fe/TiO 2 , the injection ozone concentration of 3,000 ppb. The experiments were operated in two stages (O 3 + UV/TiO 2 ) with the reaction time of 120 min ( Fig. 14(a) ). Firstly, the formaldehyde in conjunction with ozone injection in the ozone oxidation reactor, the decomposition efficiency of formaldehyde was 56% with the reaction time of 60 min. Secondly, the remaining formaldehyde in the flow then entered the photocatalytic reactor for another 60-min photocatalytic reaction, and the photocatalytic decomposition The experiments were also conducted under the following experimental condition: the influent formaldehyde concentration of 0.45 ppm, the modified photocatalyst of 5% Fe/TiO 2 , and the injection ozone concentration of 3,000 ppb. The experiments were operated in two stages (UV/TiO 2 + O 3 ) with the reaction time of 120 min ( Fig. 14(b) ). Firstly, formaldehyde was initially decomposed in the photocatalytic reactor and achieved its decomposition efficiency of 65% with the reaction time of 60 min. Secondly, the remaining formaldehyde in the flow then entered the ozone oxidation reactor and further reacted with the injection ozone of 3,000 ppb for another 60 min, and the decomposition efficiency of formaldehyde was 27%. The overall decomposition efficiency of formaldehyde went up to 92% for the UV/TiO 2 + O 3 reaction system in series. These results concurred quite well with previous studies (Zhang et al., 2003; Qi et al., 2007; Lin et al., 2012; Jie et al., 2013) and concluded that the decomposition efficiency of formaldehyde with the UV/TiO 2 + O 3 technology was 23% higher than that with the O 3 + UV/TiO 2 technology. where formaldehyde and ozone react on a one-to-one basis yielding formic acid and oxygen. However, the formaldehyde-ozone reaction proceeds very slowly. Only part of the formaldehyde can react with ozone directly and produce formic acid. Some of the produced formic acid could be further completely oxidized to carbon dioxide and water. The residual formaldehyde and produced formic acid need to be decomposed with photocatalytical oxidation technique during the O 3 + UV/TiO 2 technique. The formic acid molecules may compete with formaldehyde molecules and lead to the decrease of formaldehyde decomposition efficiency. However, the photocatalytical oxidation technique has been widely investigated for the decomposition of formaldehyde due to its merits of complete mineralization of formaldehyde into CO 2 and H 2 O without causing secondary pollution (Qian et al., 2017) . The possible mechanism of the UV/TiO 2 + O 3 technique is that most of the formaldehyde could be completely mineralized to CO 2 and H 2 O, while only a little bit of formaldehyde remained in the system and further oxidized by ozone. Therefore, much more amount of formaldehyde could be decomposed during the UV/TiO 2 + O 3 process than that during the O 3 + UV/TiO 2 process.
The ozone concentration at the exit of the reaction system was also detected with an ozone detector (2B Technologies, Model 202). The ozone concentrations < 0.6 ppm were commonly observed in the exit gas of the reaction system with the UV/TiO 2 + O 3 technique. The residual ozone level may not meet the indoor air quality standards. Therefore, an after-treatment ozone decomposition catalyst might be required to diminish the residual ozone. Alternatively, the UV/TiO 2 combined with ozonolysis on the adsorbents is a challenge for the further investigation of formaldehyde decomposition.
CONCLUSIONS
An innovative advanced oxidation technology combining photocatalytic degradation and ozone oxidation (UV/TiO 2 + O 3 ) was successfully developed to effectively decompose indoor formaldehyde by using modified iron-doped TiO 2 photocatalysts (Fe/TiO 2 ). Both TiO 2 and modified irondoped TiO 2 (Fe/TiO 2 ) were coated on the surface of a fiberglass filter to investigate the influence of major operating parameters (viz., the influent formaldehyde concentration, reaction temperature, relative humidity, iron doping content, light irradiation, and injection ozone concentration) on the decomposition efficiency.
Some studies have investigated the decomposition of formaldehyde using either the photocatalytical oxidation technique or the ozonization technique. However, using the photocatalytical oxidation technique followed by the ozonization technique has rarely been reported. Applying the UV/TiO 2 + O 3 reaction system increased the overall decomposition efficiency to 92%, which was higher than that of the photocatalytical oxidation process (45%) or the ozonization process (56%) alone. Therefore, the UV/TiO 2 + O 3 technique may be considered an innovative technology.
This study revealed that the decomposition efficiency of formaldehyde increased with the reaction temperature, iron doping content, and ozone injection concentration.
However, the opposite trends were observed for the influent formaldehyde concentration, relative humidity, and wavelength of the incident light. The optimal operating parameters obtained in this study were an influent formaldehyde concentration of 0.15 ppm, a relative humidity of 5%, irradiation by UV light, a reaction temperature of 35°C, an iron doping content of 5% Fe/TiO 2 , and an injected-ozone concentration of 3,000 ppb.
The decomposition efficiencies of formaldehyde by using four different techniques (i.e., O 3 , UV/O 3 , O 3 + UV/TiO 2 , and UV/TiO 2 + O 3 ) were further compared and summarized in Table 1 . The highest formaldehyde decomposition efficiency, at 92%, was obtained by using the UV/TiO 2 + O 3 technology. The O 3 + UV/TiO 2 technology can achieve an efficiency of up to 69%, whereas either O 3 or UV/O 3 can achieve an efficiency of 56%. Overall, the decomposition efficiencies for different oxidation techniques were ranked as follows: UV/TiO 2 + O 3 > O 3 + UV/TiO 2 > UV/O 3 ≈ O 3 .
The maximum decomposition efficiency was obtained with an influent formaldehyde concentration of 0.45 ppm. The resulting concentration of the formaldehyde in the outlet gas of the reaction system (0.04 ppm) can meet advanced standards, and the indoor formaldehyde concentrations on site are commonly lower than 0.45 ppm. Therefore, the UV/TiO 2 + O 3 process is a promising technology for decomposing indoor formaldehyde that can potentially be applied to air cleaners designed in the future.
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